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Defects in crystals are leading candidates for photon-based quantum technologies, but progress
in developing practical devices critically depends on improving defect optical and spin properties.
Motivated by this need, we study a new defect qubit candidate, the shallow donor in ZnO. We
demonstrate all-optical control of the electron spin state of the donor qubits and measure the spin
coherence properties. We find a longitudinal relaxation time T1 exceeding 100 ms, an inhomogeneous
dephasing time T∗2 of 17±2 ns, and a Hahn spin-echo time T2 of 50±13 µs. The magnitude of T∗2 is
consistent with the inhomogeneity of the nuclear hyperfine field in natural ZnO. Possible mechanisms
limiting T2 include instantaneous diffusion and nuclear spin diffusion (spectral diffusion). These
results are comparable to the phosphorous donor system in natural silicon, suggesting that with
isotope and chemical purification long qubit coherence times can be obtained for donor spins in
a direct band gap semiconductor. This work motivates further research on high-purity material
growth, quantum device fabrication, and high-fidelity control of the donor:ZnO system for quantum
technologies.
I. INTRODUCTION
Defect centers in crystals have attracted significant atten-
tion as qubit candidates for quantum communication [1, 2]
and computation [3] due to the ability to realize spin-photon
entanglement and scalable device integration. A two-node
network, the fundamental building block for measurement-
based quantum computation [4–6] and long-range quantum
communication [7, 8], can be generated via a single pho-
ton measurement on two non-interacting, spatially sepa-
rated qubits. Measurement-based entanglement generation
requires qubits with high optical efficiency, the ability for
single qubit control, and long spin coherence times. The
negatively charged nitrogen-vacancy (NV) center [9, 10] is
one of the leading candidates for these protocols and two-
node networks have been demonstrated, albeit with low
entanglement generation rates [11]. Factors limiting the
achievable rates are optical inhomogeneity, spectral diffu-
sion, and low zero-phonon radiative efficiency. Whilst nu-
merous efforts are focused on overcoming these challenges
in the NV system [12], searching for new defect centers with
better properties is an alternative solution. Donors in iso-
tope purified 28Si have shown promising features such as
ultra-long coherence times [13, 14] and high fidelity qubit
control [15]. However, the indirect band gap of Si makes
photon-mediated entanglement and therefore the develop-
ment of scalable quantum networks challenging [4, 16, 17].
Studies of donors in direct band-gap III-V materials have
shown efficient optical transitions and demonstrated spin
control and readout [18–20], but their electron spin co-
herence times are limited by hyperfine interactions with
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the host nuclear spins [21] and spin-orbit coupling [22].
Donors in direct band-gap II-VI semiconductors similarly
boast efficient optical transitions [23] and, as we show here
in ZnO, can exhibit long coherence times. Critical for
long-term qubit viability is the compatibility of ZnO with
microfabrication processing [24, 25] and the possibility of
entanglement generation between the ZnO donor electron
and donor/lattice nuclei based on the hyperfine interac-
tion [26]. This electron-nucleus register, demonstrated in
both P:Si [27] and NV:diamond systems [28], enables de-
terministic network scaling in the presence of large photon
loss [4, 29].
In this paper, we measure the relaxation and coher-
ence properties of an ensemble of Ga donors in ZnO. En-
semble spin initialization is demonstrated using resonant
continuous-wave (cw) excitation. The longitudinal spin re-
laxation time T1 shows a B
−3.5 relationship, dominated by
a spin-orbit mediated phonon interaction. The longest T1
observed in the experiment is ∼0.1 s at 2.25 T, with T1
increasing with decreasing field. Coherent spin control of
donor electrons is achieved with ultra fast optical pulses,
red-detuned from the neutral donor (D0) to donor-bound
exciton (D0X) resonance. The D0 coherence is then probed
via all-optical Ramsey interferometry and spin-echo mea-
surements [20]. The inhomogeneous dephasing time T∗2 is
measured to be 17 ± 2 ns which is consistent with the theo-
retical estimates of inhomogeneous electron-nuclear hyper-
fine interaction in natural ZnO. The effect of the inhomo-
geneous nuclear field is suppressed by a spin echo sequence
with a measured spin-echo time T2 of 50 ± 13 µs at 5 T.
Possible mechanisms limiting T2 include spectral diffusion
due to flip-flops of 67Zn nuclear spin pairs [30] and instanta-
neous diffusion due to the rephasing pulse in the spin echo
sequence [31].
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FIG. 1: (a) Energy diagram of the donor system at magnetic field in the Voigt geometry. V and H represent vertical
polarization (εˆ ⊥ ~B) and horizontal polarization (εˆ ‖ ~B), respectively. | ⇑〉(| ↑〉) denotes the hole (electron) spin. (b)
Spectra at 0 T and 4 T with V and H polarized collection. The excitation laser is at 3.446 eV with vertical polarization.
Temperature is 5.5 K. Both the Ga and Al donor peaks split into 4 different peaks with applied magnetic field. (c) Electron
and hole Zeeman splitting of the Ga donor as function of magnetic fields. The red and blue lines are linear fits of the
Zeeman splitting. For these data, both the excitation and collection spot sizes are ∼1 µm.
II. SETUP AND PHOTOLUMINESCENCE
SPECTRUM
The ZnO sample studied in this paper is a 360 µm thick
Tokyo Denpa ZnO crystal. The sample included a 0.7 µm
high-purity ZnO epilayer grown by molecular beam epi-
taxy [32], however the measurement signal was dominated
by substrate donor emission. The total donor concentra-
tion is on the order 1017 cm−3, determined by capacitance-
voltage measurements [33]. The sample is mounted in a
continuous flow cryostat with a superconducting magnet in
Voigt geometry, i.e. cˆ ⊥ ~B, where cˆ is the optical propa-
gation axis. cˆ is parallel to the [0001] direction of the ZnO
crystal. All measurements are performed at temperatures
between 1.5 and 5.5 K.
The energy diagram of the shallow donor in a magnetic
field is shown in Fig. 1(a). The D0 spin states split due
to the electron Zeeman effect. The Zeeman splitting of the
D0X state is solely determined by the hole spin, as the two
bound electrons form a spin singlet. Typical spectra at 0 T
and 4 T are shown in Fig. 1(b). At 0 T, the two main
peaks correspond to Al donors (3.3607 eV) and Ga donors
(3.3599 eV) [34]. To further confirm the two peaks are from
donors, PL spectra with resonant excitation are taken to
demonstrate the correlation between the main donor peaks
and the corresponding two electron satellite transitions [35],
i.e. transitions from the D0X to the 2s and 2p D0 orbital
states. At 4 T, the Al and Ga peaks each split into 4 peaks
due to the electron and hole Zeeman splitting. The polar-
ization dependence of the 4 peaks confirms the Γ7 valence
band symmetry assignment [36]. The measured g-factors for
the Ga donors are |ge| = 1.97± 0.01 and |gh| = 0.34± 0.02,
determined by linear fits of the electron and hole Zeeman
splitting at different fields, as shown in Fig 1(c). For the
remainder of the paper, we will focus on the Ga donor.
The Γ7 D
0X transitions, which exhibit short radiative
lifetimes ∼1 ns and >90% efficiency in zero-phonon emis-
sion [23], provides a natural Λ system for Raman-based
photon-heralded entanglement schemes [37]. The ability to
utilize other valence-band D0X transitions [34] to realize
highly desirable cycling transitions and “L”-shaped systems
will be investigated in future work.
III. SPIN INITIALIZATION AND T1
MEASUREMENT
Spin initialization, the first step to utilize the spin as a
qubit, is performed by optical pumping. In our experiment,
a 10 µs cw pulse is resonantly applied on the transition
| ↑〉 ↔ | ⇓↑↓〉 to initialize the electron spin state to | ↓〉. To
visualize the optical pumping, the spins are first prepared
with equal population in | ↑〉 and | ↓〉 using a scrambling
pulse, i.e. a high power laser pulse with photon energy
higher than the donor transitions. A typical optical pump-
ing curve is shown in the inset of Fig. 2. An estimate of
the pumping efficiency using the contrast ratio of the op-
tical pumping curve [28] yields a fidelity of 95% at 1.5 K
and 5 T. The efficiency of the optical pumping decreases
with decreasing magnetic field. At low field, the Zeeman
energy becomes comparable to the optical linewidth of the
D0X transitions. In this case, population in | ↓〉 can be
simultaneously pumped back to | ↑〉, decreasing the opti-
cal pumping efficiency. For this reason, we are only able
to observe an optical pumping signal at fields larger than
2.25 T.
T1 is measured by recording the population recovery to
thermal equilibrium after spin initialization. T1 at 1.5 K
as function of magnetic field is shown in Fig. 2, with pre-
vious measurement results in GaAs, InP and CdTe [22] in-
cluded for comparison. In the high-field region, the strong
inverse power dependence on B indicates that relaxation is
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FIG. 2: The longitudinal spin relaxation time T1 as a func-
tion of the Zeeman energy for donors in GaAs, InP, CdTe
and ZnO. The temperature is at 1.5 K. The data for GaAs,
InP and CdTe is reproduced from a prior work [22]. The
inset shows a typical ZnO optical pumping curve at 5 T and
the corresponding laser sequence. The PL is detected by an
avalanche photodiode with a 50 ns timing resolution. For
the ZnO data, both the excitation and collection spot sizes
are ∼1 µm.
induced by phonon interactions, mediated by electron spin-
orbit coupling [38]. The high B-field dependence in ZnO
is similar to what is observed in the other three semicon-
ductors. However, T1,ZnO is over two orders of magnitude
longer as a result of lower spin-orbit coupling. At low field,
a positive B-field dependence of T1 is observed in GaAs and
InP due to the short electron correlation time at the donor
sites [22]. In ZnO, this mechanism is expected to be weaker
because of the small electron Bohr radius. The high B-field
dependence, together with the small Bohr radius, suggest
T1 can approach and possibly exceed seconds at lower mag-
netic fields. Control of the spin at lower fields will require
a high-purity sample with narrow optical linewidth, as op-
tical pumping can only be efficient if the linewidth is much
smaller than the Zeeman splitting.
IV. OPTICAL SPIN COHERENT CONTROL
In the next series of measurements we use ultrafast optical
pulses to create and probe the electron spin coherence. To
obtain both strong optical pumping efficiency and long T1,
we choose an intermediate magnetic field to study, i.e. 5 T.
At 5 T, the large electron Zeeman splitting (138 GHz) makes
direct microwave control of the electron spin challenging.
An alternative is to use a detuned ultra-fast optical pulse to
coherently rotate the spins [39], which can be understood
using a 4-level density matrix model. For the 4-level donor
system, the Hamiltonian in the interaction picture with the
rotating wave approximation is
H =

0 0 −Ω13(t)2 −Ω14(t)2
0 ωe −Ω23(t)2 −Ω24(t)2
−Ω∗13(t)2 −Ω
∗
23(t)
2 ∆ 0
−Ω∗14(t)2 −Ω
∗
24(t)
2 0 ∆ + ωh
 , (1)
where ωe(ωh) is the energy of the electron (hole) Zeeman
splitting, ∆ is the red detuning between the ultra-fast laser
and the transition | ↓〉 ⇔ | ⇓↑↓〉, Ωij(t) = −→µij · −→E (t)/~
is the product of the electric field and the dipole matrix
element of transition |i〉 ⇔ |j〉 (i = 1, 2, 3, 4 corresponding
to states | ↓〉, | ↑〉, | ⇓↑↓〉, | ⇑↑↓〉). In the far-detuned
limit (∆ the optical pulse width), the populations of the
two excited states can be adiabatically eliminated [40] and
Eq. 1 reduces to an effective 2-level Hamiltonian describing
coherent rotations of the electron spin.
In our experiment, the polarization of the laser is adjusted
so that Ω13 = Ω23 = Ω14 = Ω24 = ΩR [35]. The ZnO donor
effective Hamilitonian is then given by [35]
Heff =
(
0 Ωeff (t)2 e
−iωet
Ω∗eff (t)
2 e
iωet 0
)
, (2)
where Ωeff =
|ΩR|2
2 (
1
∆ +
1
∆+ωh
) is the effective Rabi fre-
quency. The axis of the rotation is determined by the timing
of the pulse due to the e±iωet terms in Heff. While this 2-
level model provides intuition for how a single optical pulse
coherently rotates the spin, it does not consider decoherence
or relaxation. To analyze the dynamics of the density ma-
trix in a more accurate way, we use the full 4-level master
equation with decoherence and relaxation taken into con-
sideration, i.e. ∂ρ/∂t = −i[H, ρ] + L(ρ), where L(ρ) is the
Lindblad operator [35]. All data in Fig. 3 is fit using this
4-level master equation model.
To generate a coherent superposition of the ground spin
states, we first optically pump the donors to | ↓〉. A 1.9 ps
pulse generated from a mode-locked Ti:Sapphire laser is fre-
quency doubled to obtain the ultra-fast control pulse. Fig-
ure 3(a) shows the dependence of | ↑〉 population after the
ultrafast pulse as a function of the pulse energy. We at-
tribute the saturation of the population transfer at high
pulse powers to laser-induced dephasing between the D0X
states and the D0 states.
Due to the laser-induced dephasing, coherent rotations
are only expected at low pulse energy. The coherence of the
small-angle rotation can be probed via Ramsey interferom-
etry. Standard Ramsey experiments are done by measuring
the spin population after two pi/2 pulses with variable de-
lay between them. An oscillation of the spin population
as a function of the delay time can be observed due to the
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FIG. 3: (a) P↑ (population of | ↑〉) as a function of the single-pulse energy with spin initialized to | ↓〉 and then excited
by a 1.9 ps pulse. Data points represented by red squares at low powers are taken at the same power as data points in c.
The red curve is a simultaneous least squares fit for data in a and c. The inset shows how the state changes in the Bloch
sphere using the simulated results. (b) A typical Ramsey interference pattern with 18 pJ pulse energy. The inset shows the
laser sequence, where τ is the delay between the two pulses (τ = 0.8 ns in this data). The first cw pulse initializes the spin
and the second cw pulse is to used to read out. (c) The Ramsey fringe amplitude V = (Pmax - Pmin)/2 as a function of
the single pulse energy. The red line is the simulation result from the simultaneous fit. The blue dotted line shows the fit
parameter γ (excited state dephasing rate) as a function of pulse energy. For these data, the excitation spot size is ∼2 µm,
the collection spot size is ∼0.6 µm. The temperature is at 1.5 K and the magnetic field is at 5 T. The 1.9 ps ultra-fast
pulses are detuned by ∆/2pi = 3.57 THz from the transition | ↓〉 ⇔ | ⇓↑↓〉.
Larmor precession of the electron spin. Though only small-
angle rotations are accessible in our system, they can also
produce Ramsey interference, albeit with smaller oscillation
amplitude. A representative Ramsey fringe using small-
angle rotations is shown in Fig. 3(b). The fit oscillation
frequency in Fig. 3(b) is 136±3 GHz at 5 T, which matches
the predicted 137.9± 0.7 GHz using the measured electron
g-factor. The Ramsey fringe amplitude as a function of the
pulse energy is shown in Fig. 3(c). A least squares fit based
on the 4-level density matrix model is used to fit the data
in Fig. 3(a) and (c) simultaneously. The fit parameters are
the ratio between the pulse energy and the peak of ΩR(t)
2,
and the parameters β1,2 which describe the laser-induced
excited state dephasing γ = β1ΩR(t) + β2Ω
2
R(t) [35]. While
the mechanism for this dephasing is unknown, one possi-
bility is the unintentional excitation of real carriers. The
fit slightly underestimates the fringe amplitude in Fig. 3(c).
We attribute it to the uneven pulse power across the collec-
tion spot, leading to an inhomogeneity in the spin rotation
angle [35].
Ultra-fast optical spin-control is a powerful tool to probe
the coherence of the electron spins and measure the coher-
ence time, however long-term it will be necessary to achieve
high fidelity full-angle control for quantum applications. A
possible solution is to utilize spin-resonant microwave fields,
which has been successfully demonstrated in NV centers and
donors in Si. For practical devices in ZnO, we must decrease
our magnetic field such that the electron Zeeman splitting
of the ground states is less than 10 GHz. This is difficult in
our current sample due to the large inhomogeneous optical
linewidth which makes optical pumping inefficient at lower
magnetic fields. This challenge can be overcome with higher
purity samples or single donor isolation.
V. T∗2 AND T2 MEASUREMENT
T∗2 is extracted from the decay of the Ramsey fringe am-
plitude as a function of the pulse delay time, as shown in
Fig. 4(a). A fit using exp(−(τ/T∗2)2) gives T∗2,exp = 17±2 ns.
This dephasing time originates from the inhomogeneous nu-
clear field due to the hyperfine interaction between electrons
and lattice nuclear spins. For the Ga donors in ZnO, this
includes the hyperfine interaction from both the Ga nucleus
and the 67Zn nuclei. T∗2 can be estimated from the disper-
sion of the hyperfine field ∆B with T
∗
2 = ~/geµB∆B [41].
As only one Ga nucleus is in the effective wave function of
the electron bound to the donor, the effective field from Ga
has 4 different values due to 3/2 nuclear spin of Ga:
BGa =
2µ0
3ge
µGa
IGa
|uZn|2|ψ(0)|2 × {3
2
,
1
2
,−1
2
,−3
2
}. (3)
The hyperfine field due to the numerous 67Zn nuclei is esti-
mated to have a Gaussian dispersion ∆B,Zn [41]:
∆B,Zn =
µ0µZn
ge
√
32
27
√
IZn + 1
IZn
|uZn|2
√
f
∑
j
|ψ(~Rj)|4, (4)
In Eqs. 3 and 4, µB is the Bohr magneton, ge is the elec-
tron g-factor, µ0 is the vacuum permeability. IZn = 5/2
(IGa = 3/2) is the nuclear spin of
67Zn (Ga), µZn = 0.874µN
(µGa = 2.24µN ) is the nuclear magnetic moment of
67Zn
(Ga) and µN is the nuclear magneton. f = 4.1% is the
natural abundance of 67Zn. ψ(~Rj) (ψ(0)) is the hydro-
genic effective-mass envelope wave function of electron at
the jth Zn (Ga) lattice site. |uZn|2 is the ratio of Bloch
function density at the Zn site to the average Bloch func-
tion density. From electron spin resonance measurements
in ZnO [26], |uZn|2 ' 1120. Using the effective mass Bohr
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FIG. 4: (a) The Ramsey fringe amplitude, i.e. the oscilla-
tion amplitude of P↑ in the Ramsey interference pattern, is
measured as a function of delay time τ . The red curve shows
a fit to exp(−(τ/T ∗2 )2), giving T∗2,exp = 17± 2 ns. (b) Spin-
echo measurement of the dephasing time T2. The delay
τ1 ' τ2. Oscillations of P↑ are observed by changing ∆τ2.
The oscillation amplitude of P↑ is measured as a function
of τ1 + τ2. The red curve shows a fit to exp(− τ1+τ2T2 ), giv-
ing T2,exp = 50 ± 13 µs. For comparison, the blue dashed
line shows a fit to exp(−( τ1+τ2T2 )3), the expected form for
spectral diffusion. For these data, both the excitation and
collection spot sizes are ∼0.5 µm. The temperature is at
5.5 K and the magnetic field is at 5 T.
radius aB ' 1.7 nm and by combining the hyperfine interac-
tions from both Ga and 67Zn, we find T∗2,theory ' 9 ns [35],
which is on the same order as our experimental result. Mov-
ing to isolated single donors in isotope-purified ZnO can
eliminate this dephasing mechanism.
We next apply a spin echo sequence to suppress the effect
of the inhomogeneous nuclear field. A standard spin echo
includes two pi/2 pulses separated by one pi pulse. It has be
shown that three small angle rotations have a similar effect
but with a smaller echo signal [20]. The measured spin-echo
decoherence time is T2,exp = 50±13 µs using an exponential
fit, as shown in Fig. 4(b). Possible mechanisms limiting T2
are instantaneous diffusion and spectral diffusion.
Instantaneous diffusion (ID) is the decoherence caused by
the refocusing pulse in the spin-echo sequence. During the
refocusing pulse, the dipole-coupled electron spins bound to
different donors all rotate with the same angle. Therefore,
the energy of this dipole-dipole interaction doesn’t flip sign
after the refocusing pulse and the phase cannot be corrected.
The decay of the signal follows an exp(−t/T2,ID) with T2,ID
given by [42, 43]
1/T2,ID =
µ0(geµB)
2NGa
9
√
3pi~
sin2
θ2
2
(5)
where NGa is the density of Ga donors and θ2 is the rota-
tion angle of the refocusing pulse. Due to the comparable
excitation and collection spot sizes in the experiment, the
rotation angle varies across the collection spot making an
accurate estimation of θ2 challenging. A reasonable range
of θ2 is pi/5 ∼ pi/2. While the Ga donor concentration is
uncertain, a chemical analysis of similar samples indicates
a Ga donor density below 1 ppm. Using NGa ' 1016 cm−3,
T2,ID ranges from 240 µs to 1.27 ms. This is an underesti-
mation as the refocusing pulse also affects the spin states of
other donors and shallow impurities.
Spectral diffusion (SD) of the electron spin energy can
occur due to flip-flops of dipole-coupled 67Zn nuclear spins.
The measured TZnO2,exp is of similar magnitude to T2 mea-
sured for phosphorous donors in natural Si [44, 45], which
is limited by this spectral diffusion mechanism. Consider-
ing the similar isotope composition between ZnO and Si, we
expect spectral diffusion to also be significant in ZnO. We
estimate T2,SD with a stochastic model developed for phos-
phorous donors in Si [46]. Assuming a Gaussian diffusion
kernel, the decay of the signal exhibits an exp(−(t/T2,SD)3)
dependence with T2,SD given by
1/T2,SD '
[
8pi
27
√
3~
µ0µZngeµBnΣjb
2
j
]1/3
, (6)
Σjb
2
j = f
µ20
16pi2
µ4Zn
~2
Σj
(1− 3 cos2 θj)2
r6j
, (7)
where n is the density of 67Zn. For a given 67Zn nucleus,
bj is the dipole-dipole interaction between it and the jth
67Zn. rj is the distance between the two nuclei and θj is the
angle between ~rj and the B-field. Using Eq. 6, we estimate
T2,SD ' 200 µs.
The magnitude of T2 estimated by both mechanisms is
in reasonable agreement with T2,exp. While we find better
agreement in the experimental decay shape with the instan-
taneous diffusion mechanism, as shown in Fig. 4(b), it is
still hard to confirm the dominant mechanism considering
the low signal-to-noise ratio and due to the fact that only
one measurement of T2 has been carried out. To rigor-
ously determine the mechanism, future experiments mea-
suring the dependence of T2 on different parameters will be
conducted, including the abundance of 67Zn [47], the donor
density [31], the rotation angle of the rephasing pulse [43]
and the magnetic field direction [44]. The determination of
the mechanism is important as this can be generalized to
other II-VI materials, thus aiding in the search for superior
defect-based qubit candidates. Regardless of which mech-
anism dominates T2 in ZnO, practical devices will require
both isotope purification and lower donor densities.
6VI. OUTLOOK
In summary, we demonstrate optical spin control and
read-out of Ga donor qubits in a bulk ZnO crystal. Long
spin relaxation times (100 ms) and coherence times (50 µs)
are observed. These promising results motivate future work
on the challenges toward making a practical quantum net-
work out of optically-active donor qubits. In the ZnO donor
platform, these challenges include chemical and isotope pu-
rification of the sample, high fidelity microwave control of
the spin state, and single donor isolation. Thin films grown
by molecular beam epitaxy have shown orders of magni-
tude lower impurity concentration than commercial ZnO
substrates [32]. Devices incorporating such high-purity lay-
ers will be essential for addressing all three challenges. In
the near-term, single donor isolation for fundamental stud-
ies can be achieved in nanostructures fabricated by focused
ion beam milling [48] or utilizing single nanowires [49]. In
the long term, scalable device integration will require push-
ing ZnO fabrication techniques beyond the standard micro-
fabrication techniques currently developed for ZnO [25, 50].
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